Introduction
Rare earth elements (REEs) due to their unique physicochemical properties, many applications and increasing demand in green technologies and material industries have been designated as critical materials [1] [2] [3] . Lister et al. [1] reported that many of the critical REEs have low concentration in the ores. For instance, the concentration of rare earths varies from 10 to 300 ppm in the most of rare earth minerals [2] . On the other hand, recycling methods for REEs from spent electronic materials (pre-consumer scrap, industrial residues, end-of-life products, etc.) are not as well developed compared to the other value metals. Hydrometallurgical technologies are very often used for the recovery of rare earths from secondary sources. The principle processes in the hydrometallurgical treatment are the following: (1) leaching of REEs from processed materials (primary/secondary) and (2) separation of metal ions from leach liquors [2, 3] .
The separation of REEs from different leached solutions (i.e. nitrate, chloride, sulfate, thiocyanate, etc.) is a difficult challenge due to the similarity in their ionic radii [2, 4] . A survey of literature indicates that separation of REEs from aqueous solutions can be achieved by liquid-liquid extraction [2, 3] . Cationic, solvating and anionic extractants have been proposed for extraction of REEs, i.e. di(2-ethylhexyl)phosphoric acid (D2EHPA), di(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272), (2-ethylhexyl) phosphonic acid, mono 2-ethylhexyl ester (PC 88A), tributyl phosphate (TBP), trioctylphosphine oxide (TOPO) as well as quaternary ammonium salt (trioctylmethylammonium chloride, Aliquat 336 -anion exchanger) [2, 3, [5] [6] [7] [8] [9] . However, application of this technique requires large amounts of extractants and volatile, flammable, toxic solvents [10, 11] . On the other hand, transport across polymer inclusion membranes (PIMs) is suggested as an attractive green alternative method to classical solvent extraction [12, 13] . The membrane transport is a promising separation technique because it combines the extraction and stripping at the same time as well as because of low consumption of reagents [10, 11] . Polymer membrane separates source and stripping (receiving) phases. Metal ions from the aqueous source phase are selectively transported through PIM into the receiving phase. The most important advantage is possibility of the design of the membrane composition according to the required conditions [14, 15] . PIM is formed by casting polymer (i.e. cellulose triacetate [CTA] ) from an organic solvent (i.e. dichloromethane) containing a plasticizer and an ion carrier to form a stable film. The polymer is very important component of membrane because it provides PIM with mechanical strength [10] [11] [12] . The second important component is plasticizer that provides elasticity and flexibility as well as improves the compatibility of the membrane components [10] . The characteristics of PIMs are long-term use, stability, high selectivity and quick transport [14] .
A survey of literature indicates that very little is research done on extraction of REEs with PIMs. For instance, Kusumocahyo et al. [13] reported transport of cerium(III) across PIM based on CTA with octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphi ne oxide (CMPO) or N,N,N",N''-tetraoctyl-3-oxapentanediamide (TODGA) as the carriers. However, neither CMPO nor TODGA is commercially available.
The organophosphorus compounds such as D2EHPA and TBP were used successfully as the extractants in the conventional solvent extraction process. Therefore, the aim of the present work was to study the facilitated transport of La(III) ions from the aqueous nitrate solution across PIMs with D2EHPA and TBP as the ion carriers. Moreover, the mentioned compounds
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were selected as the ion carriers for synthesis of polymer membranes due to the fact that they are available commercially.
Experimental

Reagents
Inorganic chemicals,
and nitric acid (HNO 3 ), were of analytical grade and were purchased from POCH (Gliwice, Poland). Aqueous solutions were prepared with deionized water.
Organic reagents, i.e. CTA (C 40 H 54 O 27 , molecular weight: 966.845 g/mol; catalog number: 22199, Sigma-Aldrich, CAS 9012-09-3), dichloromethane, 2-nitrophenyl octyl ether (NPOE), D2EHPA and TBP, were supplied as reagent grade products by Sigma-Aldrich and used without further purification.
Polymer inclusion membrane
The membranes were prepared as described in detail elsewhere [14, 15] . Solutions of CTA (1.25 g/100 ml of dichloromethane), ion carrier (D2EHPA, TBP) and plasticizer (NPOE) in dichloromethane were prepared. A portion of this solution was poured on a flat-bottom glass Petri dish that was kept on a leveled surface. Organic solvent was allowed to evaporate over a period of 12 h. The obtained membrane was peeled off of the Petri dish and subsequently it was washed with water and conditioned in distillated water before use.
Transport experiments
Transport measurements were carried out in the experimental rig described and presented in detail elsewhere [14, 15] . The volumes of source and receiving phases were both equal to 100 cm 3 . During experiments, membrane samples with the effective membrane area of 12.56 cm 2 were used. The source and receiving aqueous phases were stirred by using magnetic stirrers. Aqueous phases were pumped through the membrane module using a multichannel peristaltic pump (PP1B-05A type; Zalimp, Poland). The permeation rate of La(III) and Ce(III) ions was determined by sampling of the source phase. Samples were subsequently analyzed using a plasma emission spectrometer MP-AES 4200 (Agilent). The source phase contained 0.01M La(NO 3 ) 3 and Ce(NO 3 ) 3 in distilled water. Time of the transport process was 8 hours.
The kinetics of La(III) and Ce(III) ions transport through the PIM membrane follows the kinetics of the first-order reaction:
where c is the metal ion concentration (M) in the source phase at a given time, ci is the initial metal ion concentration in the source phase, k is the rate constant (s -1 ) and t is the time of transport (s).
The value of rate constant (k) was calculated from the plot of ln(c/ ci) vs. time -Eq. (1). Experiments were run in duplicates, and the rate constant value is an average from both experiments. The value of the permeability coefficient (P) was subsequently calculated using the following equation:
where V is volume of the aqueous source phase and A is the effective area of the membrane.
The initial flux value (Ji) was then obtained from the following equation:
Additionally, the recovery factor (RF) was determined using the following equation:
The selectivity coefficient (S) was defined as the ratio of initial fluxes for M 1 and M 2 metal ions, respectively:
Results and discussion
Effect of carrier kind in polymer membrane on the transport of La(III)
The facilitated transport of La(III) from nitrate(V) solutions across PIMs containing CTA as the polymer support, NPOE as the plasticizer and various carriers was studied. As rare earths form soluble complex in nitrate(V) solutions, different extractants can be used as the effective carriers from aqueous solutions. It is well known that D2EHPA and TBP are used as the extractants of metals in conventional solvent extraction because these extractants have good extracting properties and separate lanthanides efficiently [2, 3, 8, 9] . Therefore, D2EHPA as the cationic extractant and TBP as the solvating extractant were used as the ion carriers for synthesis of PIMs. The membrane composition was 30.0 wt.% CTA, 40.0 wt.% NPOE and 30.0 wt.% ion carriers. The ion carriers differed in chemical structure and mechanism of transport. The cationic extractant (i.e. organophosphorus acid) was employed for the extraction of REEs as they form cationic species in the aqueous solutions. The chemical reaction can be expressed as [2] follows:
where RE stands for any rare earth metal.
The subscripts aq and org denote species in the aqueous and organic phases, respectively.
In the preliminary experiments, PIM containing CTA as the polymer support, NPOE as the plasticizer and D2EHPA as the cationic carrier was used for La(III) transport from the aqueous nitrate solution into 2M H 2 SO 4 . D2EHPA exists as a dimmer in the membrane. Therefore, the mechanism of reaction with La (7) where (HA) 2 represents the dimmer D2EHPA.
As can be seen from Eqs. (6) and (7), La 3+ extraction with cationic extractants (cation exchangers) increases by increasing the pH of aqueous phase, while the re-extraction (the stripping from organic phase) increases with the acidity of the stripping phase (i.e. inorganic acid) [2, 9] .
In the next experiments, the transport of metal ions across PIM with TBP as the ion carrier was performed. This is a neutral extractant that was used as the extractant of Th(III), La(III), Ce(III), Y(III) and Fe(III) from synthetic solution [6] . Solvating agents such as TBP complexed metal ions from aqueous solutions according to the following reaction:
where S is the solvating extractant (TBP). The kinetic parameters such as the rate constant (k) and the initial flux (Ji) for the transport of La(III) are shown in Table 1 . The initial flux of La(III) is much higher for PIM1 with D2EHPA than for PIM2 with TBP. Therefore, D2EHPA can be recommended as the effective ion carrier for synthesis of PIM in order to separate La(III) and Ce(III).
Selectivity studies
The competitive transport of La(III) and Ce(III) from aqueous nitrate(V) solution across polymer membranes containing various ion carriers was studied. Figs. 3 and 4 show the relationship of ln(c/ci) vs. time for La(III) and Ce(III) across PIM1 with D2EHPA and PIM2 with TBP, respectively.
From the separation point of view, the most important is the effective and selective removal of metal ions from the source phase, described by the RF (%) and selectivity coefficient (S).
Figs. 5 and 6 show the RF (%) versus time for the studied metal ions obtained during the experiments. The highest RF was obtained for Ce(III) across PIM1 (Fig. 5) . The recovery of Ce(III) after 8 hours was 66.8%. As can be seen from Table  2 , the selectivity coefficient for Ce(III) over La(III) was 2.6 for PIM with D2EHPA. In the case of PIM with TBP, the selectivity coefficient (S Ce/La ) was equal to only 1.4.
The kinetic parameters such as rate constant (k) and the initial flux (Ji) for transport of metal ions are shown in Table 2 . The initial flux of Ce(III) was much higher than that of La(III) across PIM1 with D2EHPA. In the case of transport across PIM2, the kinetic parameters for the studied metal ions were very similar and not so high. As can be observed from Table 2 , the initial fluxes of La 3+ and Ce 3+ increase in the following order of carriers: D2EHPA>TBP.
Conclusions
La(III) ions were transported from the source phase into 2M H 2 SO 4 as the receiving phase. The transport of metal ions across PIM with D2EHPA was more effective than the transport of metal ions across PIM with TBP. PIM including organophosphorus acid D2EHPA as the ion carrier can be also used for the effective and selective transport of La(III) and Ce(III) from the aqueous nitrate solutions. With the use of D2EHPA and TBP as the ion carriers, the competitive transport of metal ions shows the preferential selectivity order: Ce(III)>La(III). It was found that the RF of La(III) and Ce(III) and transport rate were strongly dependent on the kind of the ion carrier in membrane. PIM containing 30.0 wt.% CTA, 40.0 wt.% NPOE and 30.0 wt.% D2EHPA was successfully used for the transport of Ce(III) over La(III) ions from the studied aqueous solution. 
